The present paper first shows measured results of transient voltages and currents along a counterpoise. The parameters related to wave propagation are identified numerically based on the measured time responses by applying an optimization technique explained in references. Then Sunde's iterative formulas of the impedance and admittance of a counterpoise are evaluated numerically, and calculated results are investigated in comparison with the identified R, L, C and G parameters.
The present paper first shows measured results of transient voltages and currents along a counterpoise. The parameters related to wave propagation are identified numerically based on the measured time responses by applying an optimization technique explained in references. Then Sunde's iterative formulas of the impedance and admittance of a counterpoise are evaluated numerically, and calculated results are investigated in comparison with the identified R, L, C and G parameters.
To understand the effect of the frequency-dependent line parameters, the propagation parameters have been calculated assuming one of the parameters R, L, G and C as constant at a time while the remaining as frequency dependent. The accuracy of the calculated propagation parameters is then checked in comparison with those identified from actual field measurements. Table 1 summarizes the observations.
Sunde derived frequency dependent per-unit length parameters for evaluating a transient behavior of a single horizontal grounding conductor on the surface of the soil due to direct lightning strikes using telegrapher's equations. Sunde's relations were solved iteratively taking three different values of relative permittivity 4, 9 and 20. The characteristic impedance and the propagation constant were then calculated from the obtained series impedance and shunt admittance. Figure 1 illustrates the comparison of the identified propagation characteristic from the experimental results with that from the Sunde's frequency-dependent formula.
Based on the frequency-dependent parameters of a buried bare conductor, the following remarks are found.
( 1 ) The maximum value of the characteristic impedance lies in a very narrow range of around 55 Ω in all the observed cases irrespective of the conductor length, the geometry and the soil • for the frequency range of 10 kHz to 1 MHz and becomes negative for frequency greater than 5 MHz. The propagation velocity is around 1/3rd of the speed of light in free space in a lightning frequency range.
( 2 ) From the sensitivity analysis of the frequency dependence of RLGC it has been found that the characteristic impedance can be expressed as √ LC and the propagation velocity by 1/ √ LC at a high frequency similar to an overhead line considering their frequency dependence into account. However, R parameter is also important besides L and C to define the phase characteristic accurately as the transition from the positive to the negative phase angle occurs at few MHz.
( 3 ) The accuracy of Sunde's frequency dependent formula for the series impedance, the shunt admittance and the propagation constant are case sensitive.
( 4 ) The conductance, inductance and capacitance are found very close to those given by quasi static Sunde's formula up to 100 kHz. In between 100 kHz and 10 MHz, the RLGC parameters show heavy frequency dependence, and Sunde's formula become less accurate. Thus, it is concluded that Sunde's formula can be adopted in the frequency range less than 100 kHz, but above the frequency the formula is case sensitive and is not reliable.
Paper
A Study on Frequency-Dependent Parameters and Sunde's Formulas of a Counterpoise
Introduction
It is not necessary to explain the significance of grounding in power stations. There exist a number of literatures deriving formulas of basic parameters such as an impedance and an admittance of a counterpoise which is a basic component of a grounding mesh (1) - (5) . In particular, Sunde has derived a number of formulas for the impedances and the admittances of various types of conductors such as isolated conductors (overhead, underground) and a buried bare conductor (1) . Among those, the impedance and admittance of a buried bare conductor (counterpoise) have been extensively used to analyze the behavior of a grounding electrode and a mesh, because no alternative formula is available in general. The accuracy of the formulas for steady state seem reasonable for those have been adopted in various guides and design manuals (6) - (8) . However, Sunde's formulas of the counterpoise impedance and admittance for a high frequency have not been well investigated and the accuracy has not been confirmed (9) (10) . One of the reasons for this is that the formulas, which take into account the frequency dependence, are given in the form of iterative calculations.
The present paper first shows measured results of transient voltages and currents along a counterpoise (11) (12) . The parameters related to wave propagation are identified numerically based on the measured time responses by applying an optimization technique explained in references (13) (14) . Then Sunde's iterative formulas of the impedance and admittance of a counterpoise are evaluated numerically, and calculated results are investigated in comparison with the identified R, * Department of Electrical Engineering, Doshisha University Tatara Miyakodani, Kyotanabe 610-0321 * * Tokyo Electric Power Co.
4-1, Egasaki-cho, Tsurumi-ku, Yokohama 230-8510 L, C and G parameters. Figure 1 illustrates experimental configuration of transient voltage and current measurements in two test sites (11) (12) . A step-like current is applied to a horizontal grounding electrode, i.e. a counterpoise. The conductor geometry and test conditions are summarized in Table 1 . The details of measurements are explained in Refs. (11) , (12) . Figure 2 are measured results of transient voltages and currents along a counterpoise. Although the voltage and the current were measured up to Tmax = 4 µs in case 1 and 20 µs in case 2, those are nearly constant in the measured results and thus only the wavefront part is shown in Fig. 2 . Also, the steady-state resistance was measured to be about 25 Ω in case 1 and 20 Ω in case 2. In the figure, A is the current injection node which is the sending end of a counterpoise, and D in case 1 and E in case 2 are the receiving end. B and C in case 1 are the node at distance 2 m and 4 m from the sending end. B to D in case 2 correspond to the node at distance 8.15 m, 17.05 m and 25.95 m respectively from the sending end. The both results show a similar trend that the current along the counterpoise decreases nearly proportional to the distance from the sending end, while the voltage stays 
Experimental Results and Parameter Identification

Experimental Results
Parameter Identification
Humpage (15) has derived time domain wave equations for transmission lines considering that the characteristic impedance and propagation functions are expressed as rational functions in a z-plane. It has been shown in Ref. (11) that a buried bare conductor can be considered as an open circuit line provided if the conductor is not too short. Employing this boundary condition in Humpage's equations the receiving end voltage is expressed as follows.
And the backward and forward wave at the sending end is:
In the above equations, the characteristic impedance and propagation functions are defined by rational functions.
where 
The above assumption is true in fact for some initial samples, till the first reflected wave comes back to the sending end. Once the B s (n) is evaluated, the characteristic impedance is updated during the iterations by solving the rearranged Eq.(2) as:
It is observed that the natures of Eqs. (2), (6) and (7) are similar, and hence the same approach based on a least square error approximation is employed to solve these equations iteratively. It has been observed that 5 to 6 iterations are sufficient for convergence.
The frequency response of propagation parameters then can be obtained directly from the obtained z-plane rational function by putting z = exp( j.ω.∆T ) (∆T is the sample time). Alternatively the z-plane rational functions may be converted into an s-plane rational function and then deriving their frequency responses. Once the propagation parameters are derived from the above procedure, the series impedance and shunt admittance of L-equivalence of a distributed-parameter line shown in Fig. 3 is obtained numerically.
where Z c (ω): characteristic impedance γ (ω): propagation constant Table 1 is presented in Fig. 4 . Because the voltage and the current at t = Tmax (4 µs in case 1, 20 µs in case 2) are nearly the same as those in the steady state as explained in Sect. 2.1 for Fig. 2 , the frequency responses are given from 1 kHz in Fig. 4 . The characteristic show a similar trend for both of the cases. The series resistance increases with a frequency while the inductance decreases almost in the same manner as that of the ground-return impedance of an underground cable (16) . However, unlike a transmission line, the conductance and the capacitance for a buried bare conductor show heavy frequencydependence. It is observed that the shunt conductance is dominant at a very low frequency and the series inductance play an important role at an intermediate frequency. Finally the inductance and the shunt capacitance become dominant at a very high frequency. Figure 6 shows frequency responses of the characteristic impedance, the attenuation constant and propagation velocity for the cases in Table 1. Summarizing observations of the frequency dependence of the parameters, the following observations are obtained.
Propagation Parameters
The characteristic impedance reaches its peak value of about 55 Ω at the frequency of about 5 MHz independently of the conductor geometry and the soil resistivity. The peak value corresponds to the initial peak at around t = 0 of its time response. The phase angle of the characteristic impedance is positive until the frequency mentioned above, and becomes negative at a higher frequency. The largest phase angle is 45
• which means physically the series inductance and the shunt conductance are dominant in this frequency region. The negative phase angle, which is the same as that of an overhead line, appears at a very high frequency, and the shunt capacitance is dominant in this frequency region.
The attenuation stays constant up to the frequency of about 10 kHz, and increases as the frequency increases. The characteristic of the nearly constant attenuation is significantly different from those of an overhead line and an underground cable.
The propagation velocity shows a similar characteristic to the attenuation constant. It is 10 to 20 m/µs in a frequency range lower than 10 kHz, and increase up to about 1/3rd of light velocity in free space. The characteristic is similar to that of the earth-return mode in an underground cable, i.e. a buried isolated conductor. Also a buried bare conductor in a high resistivity soil reaches this speed relatively at a lower frequency than that for a conductor buried in a low resistivity soil. The observation explains most of the previous Table 2 . Frequency dependence sensitivity of line parameters investigations.
Sensitivity of Frequency-dependence among RLGC Parameters
As has been explained in the previous section, all the R, L, C and G of a counterpoise are frequency-dependent. Most of the previous simulations of a transient have adopted constant R, L, C and G. Occasionally a simple C and G series circuit to represent the frequency dependence of G and C was adopted (12) . Also, Marti's frequency-dependent line model of the EMTP was used. The Marti's model, however, can not take into account the frequency dependence of the admittance (G and C). Considering the above situation, the sensitivity of the frequency dependence of the characteristic impedance and the propagation constant will be investigated so as to find dominant parameters (R, L, C and G) which affect the frequency dependence. To carry out the sensitivity analysis, one of R, L, C and G is assumed to be constant of the frequency 100 kHz while the remaining as frequency dependent, because the R, L, C and G values are nearly constant below the frequency and somehow correspond to the steady-state formula given by Sunde or Rudenberg (1) - (3) . The accuracy of the calculated propagation parameters is then checked in comparison with those identified from actual field measurements. Figure 5 shows the effect of constant parameter assumption on propagation parameters. Table 2 summarizes the observations. From the comparisons, the following observations are made.
( 1 ) The attenuation constant is heavily affected by the frequency dependence of the resistance while it has no effect on frequency dependence of L and C. Also, the effect of the frequency dependence of shunt conductance is observed less dominating than that of series resistance.
( 2 ) At high frequency, the series resistance has more effect than conductance in all the propagation parameters. This observation further justifies that at a very high frequency, conductance has less role to play.
( 3 ) Frequency dependence of L and C has similar effect on all the four parameters. That is, besides the attenuation constant, the magnitude and the phase angle of the characteristic impedance and the propagation velocity are affected almost equally by frequency dependence of L and C.
( 4 ) The characteristic impedance magnitude can be expressed as √ L/C at high frequency, a characteristic similar to an overhead line. However, its phase characteristic indicates that besides these two parameters, resistance is also important. This is particularly important for a buried conductor, because the characteristic impedance has both positive and negative phase angle and the transition from positive to negative angle occurs at few MHz, a frequency of importance for transients due to lightning.
( 5 ) The possible reason behind the characteristic impedance being less affected when both the L and C are assumed constant could be the cancellation of the frequency dependence effect of L and C, as both shows decreasing characteristic with frequency. This is further justified with the heavy effect on propagation velocity in this situation. ( 6 ) The high frequency propagation velocity can be expressed as 1/ √ LC considering the frequency dependence of L and C into account.
Investigation of Sunde's Formulas
Sunde's Formulas of Impedance and Admittance
Sunde (1) derived frequency dependent per-unit length parameters for evaluating a transient behavior of a single horizontal grounding conductor on the surface of the soil due to direct lightning strikes using telegrapher's equations.
where γ = Y(γ)Z(γ): propagation constant Γ = jωµ 0 (σ s + jωε s ) and a = √ 2rh, h: buried depth Y i : admittance of a conductor insulator, r: radius of conductor Z i : conductor internal impedance, σ s : soil conductivity µ o : permeability of free space, ε s : soil permittivity For a buried bare conductor Y i is infinity. The above formula requires an iterative calculation to determine the final values of the series impedance and the shunt admittance till the propagation constant (γ) converges.
Sunde's relations were solved iteratively taking three different values of relative permittivity 4, 9 and 20. These values of the relative permittivity can be considered as a reasonable one based on the observed propagation velocity described in the previous section. The characteristic impedance and the propagation constant were then calculated from the obtained series impedance and shunt admittance. Figure 6 illustrates the comparison of the identified propagation characteristic from the experimental results with that from the Sunde's frequencydependent formula for the cases in Table 1 . In the figure, sunde epr4, for example, means that ε s is set to be 4 in Sunde's formula, Eqs. (9) and (10) .
Comparison
From the comparison of different propagation characteristics under two different situations, it is observed that though the numerical values of propagation parameters from Sunde's analytical formula and that obtained from experimental results shows some differences, the frequency response of the propagation parameters obtained from both agree in some general trends.
• All the four propagation parameters shows similar trend • Permittivity variation shows almost no effect up to some tens of kHz • The effect of the soil permittivity shows more sensitive in the case of a high resistivity soil than in the case of a low resistivity soil. From the observation of the wave propagation frequency responses for many theoretical cases using Sunde's frequency dependent formula, it is found that the characteristic impedance magnitude increases with frequency. The impedance then saturates and shows a decreasing characteristic with further increment in the frequency. This frequency is around some hundreds of kHz. This trend is similar to that identified from experimental data. But a small discrepancy in characteristic impedance magnitude observed in two approaches for case-2 is, because according to the Sunde formula the maximum value of the characteristic impedance is found to be dependent on soil resistivity and permittivity. It is higher for high resistivity and low permittivity soil. However, the effect of permittivity is more important at high resistivity soil only. This is clear from the calculation for case-1 (100 Ωm) and case-2 (400 Ωm) as shown in Fig. 6 . The maximum value of the characteristic impedance identified from the experimental data has been found in very narrow range of 55 Ω for the observed cases independent of soil characteristics and conductor geometry. This is important and can cause an error in simulation results particularly at the first peak of the voltage wave.
One another major discrepancy that is observed is the phase characteristics in lower frequency range. The possible reason for this could be, as discussed in Sect. 3, the characteristic impedance in a lower frequency range can be expressed as:
i.e. in the lower frequency range, the phase angle is solely defined by the series impedance. Also at lower frequency, a small deviation in R can cause remarkable difference in phase angle. However, the authors opinion is this may not cause a severe error particularly for high frequency transient for a few micro-seconds. The small discrepancy observed in the propagation constants may not be the cause of a serious error in propagation function fitting for short length conductor but the error would be more dominant as the length of the conductor increases.
Conclusions
The frequency response of the propagation parameters of a buried bare conductor has been analyzed and following remarks are found.
( 1 ) The maximum value of the characteristic impedance lies in a very narrow range of around 55 Ω in all the observed cases irrespective of the conductor length, the geometry and the soil resistivity. The characteristic impedance phase angle is of around 45
• for the frequency range of 10 kHz to 1 MHz and becomes negative for frequency greater than 5 MHz. The propagation velocity is around 1/3 rd of the speed of light in free space in a lightning frequency range.
( 2 ) From the sensitivity analysis of the frequency dependence of RLGC it has been found that the characteristic impedance can be expressed as √ L/C and the propagation velocity by √ L/C at a high frequency similar to an overhead line considering their frequency dependence into account. However, R parameter is also important besides L and C to define the phase characteristic accurately as the transition from the positive to the negative phase angle occurs at few MHz.
(Manuscript received Feb. 27, 2006, revised June 5, 2006) 
